A kinetic enzyme-linked immunosorbent assay (ELISA) was developed and optimized for detection of antibodies to Neospora sp. in cattle. Sonicated tachyzoites of Neospora sp. isolated from an aborted bovine fetus were used as antigen. Variability in immunoblot patterns among positive sera, and the fact that all life stages of the parasites are unknown, justified use of a multiple-antigen ELISA to allow for maximum sensitivity. Immunoblot analysis revealed negligible cross-reactions between Toxoplasma gondii antigen and Neospora sp. antisera and between Neospora sp. antigen and antisera from various apicomplexan parasites. The maximum positive-to-negative V max (average maximum slope of the optical density over time) ratio was obtained using 200 ng/well of sonicated tachyzoite antigen and a 1:200 serum dilution. Using logistic regression to determine the optimal cutoff point between known infected and noninfected cattle, a sample-to-positive control V max ratio of 0.45 was found to maximize the percent correct classification, with an estimated sensitivity of 88.6% and specificity of 96.5%. Use of Neospora caninum antigen following the same protocol demonstrated no difference in ELISA interpretation. Comparison with an existing indirect immunofluorescent antibody (IFA) test showed the ELISA to be the more sensitive and specific test for serodiagnosis of Neospora infection in cattle.
IFA results, warranted development of a more appropriate diagnostic test. In addition to improved consistency, objectivity, rapidity, and precision, 6, 20 enzymelinked immunosorbent assays (ELISAs) typically provide increased sensitivity and specificity. 14 The objective of this study was to develop and optimize an ELISA for the serological diagnosis of Neospora sp. infection in cattle, and to estimate the assay's sensitivity and specificity.
Materials and methods
Cultivation of Neospora sp. and Toxoplasma gondii tachyzoites Neospora sp. tachyzoites, previously recovered from an aborted bovine fetus (BPA1), 7 were between in vitro passages 50 and 75. Neospora caninum tachyzoites were previously recovered from a dog (NC1). 11 Tachyzoites were maintained and propagated in bovine pulmonary aortic endothelial (CPAE) cell monolayers a that were between passages 21 and 29. Monolayers were maintained in minimum essential media, fetal bovine serum, penicillin, streptomycin, and amphotericin B (MEM-FBS), b and passaged at 7-day intervals.
Flasks were inoculated with approximately 7.5 x 10 6 tachyzoites when 70-80% of the CPAE cells were confluent. Infected cultures were supplemented with Dulbecco's minimum essential medium plus 10% (v/v) heat-inactivated horse serum, 2 mM L-glutamine, 50 U/ml penicillin G, and 50 µg/ ml streptomycin sulfate (DMEM-HS) b at time of infection and 18-24 hr after tachyzoite inoculation. Tachyzoite-infected cultures were incubated at 37 C with 5% CO 2 . When 80-90% of cells were infected and cell lysis was noticeable, tachyzoites were passed to new cell monolayers at a split ratio of 1:5 to 1:24, depending on infection level. Cultures were evaluated daily at 100 x to 200 x magnification using an inverted microscope. Tachyzoites were harvested when ≥ 80% of the cells were lysed and the remainder were infected with tachyzoites (4-7 days after inoculation). At that point, the monolayer was removed by scraping, cells were disrupted the suspension was filtered through a 5 µm filter. The filtrate of tachyzoites was washed twice in sterile phosphate-buffered saline (PBS), pH 7.2. Tachyzoites were pelleted by centrifugation at 400 x g for 10 min and resuspended in sterile PBS. Tachyzoite concentration was estimated using a hemacytometer and 100 x magnification on an inverted microscope. The suspension was centrifuged once more at 400 x g for 10 min and the pellet was resuspended in 500 µl of sterile PBS. The tachyzoite suspension was stored in glass vials at -70 C. Toxoplasma gondii RH strain tachyzoites were maintained and passaged in a similar manner.
Immunogenic characterization
Immunoblot analysis was performed using bovine Neospora tachyzoites, Neospora caninum tachyzoites, and Toxoplasma gondii tachyzoites to identify immunodominant proteins. Frozen tachyzoite suspensions were thawed in a 37 C water bath and diluted in PBS to a concentration of 10 9 tachyzoites/ml. Tachyzoite suspensions were sonicated on ice for 3 3-min cycles at 90% output c and protein concentrations d were determined.
Sonicated tachyzoite suspensions were analyzed by polyacrylamide gel electrophoresis (PAGE). Gels consisted of 4% stacking and 12% separating sodium dodecyl sulfate-PAGE (SDS-PAGE) gels. Tachyzoites, diluted in reducing and nonreducing sample buffer, were boiled for 10 min at 100 C. Ten-well gels were loaded with 35 µg of antigen per well and preparative gels were loaded with 500 µg/gel. Proteins were transferred from gel to nitrocellulose d overnight at 25 V, then stained with Amino black stain c to allow examination of the tachyzoite protein pattern. Nitrocellulose from preparative gels was blocked with 2% nonfat dry milk (NFDM) in PBS for 1 hr prior to performing a standard immunoblot procedure using sera diluted 1:100, and commercial peroxidaselabeled goat anti-bovine IgG heavy-light chain conjugate. f Immunoblots of seropositive samples, which consisted of fetal fluids from immunohistochemistry-confirmed 1 Neospora sp.-aborted fetuses and precolostral samples from congenitally infected calves determined by high specific IFA titers ( ≥ 1:1,280), as described elsewhere, 18 were used as the positive controls. Fetal and neonatal sera were selected because they were expected to have specific antibodies to Neospora sp. and to lack nonspecific antibodies to potential crossreacting Apicomplexa organisms. Sera from dams of aborted fetuses and congenitally infected calves, and serum from an infected calf exhibiting neurological signs, were evaluated by immunoblot analysis to examine the polyclonal antibody response from natural exposure to Neospora sp. and other protozoa. Serum samples from animals with postmortem diagnosis of infection with Cryptosporidia muris (n = 2), Cryptosporidia sp. (n = 1), Sarcocystis sp. (n = 1), and Eimeria sp. (n = 3) were compared, by immunoblot analysis, to Neospora sp. antisera to identify specific immunogenic and cross-reactive patterns.
ELISA development and optimization
Positive and negative sera were used to develop and optimize the assay. Positive control serum was from a dairy cow 30 days after she aborted a Neospora sp.-infected fetus, which was confirmed by immunohistochemistry testing. Adult cow serum was used instead of fetal fluid because polyclonal antibody and IgG levels of mature cow were expected to be representative of the test population of cows. Negative control serum was from a beef cow that had never aborted and that originated from a herd in which no diagnosis of bovine protozoal abortion (BPA) had ever been made, despite intensive abortion diagnostic monitoring. A positive control sample with moderately positive IFA titer (1:2,560) and a negative control sample with a relatively high nonspecific IFA titer (1:640 with apical fluorescence) 18 were included to optimize the assay for a worse-case scenario of cross-reacting antibodies.
Whole sonicated Neospora sp. tachyzoites of the bovine isolate were used as antigen to develop the ELISA. Checkerboard titrations of antigen (50-800 ng/well), sera (1:50 to 1:800), and conjugate (1:5,000 to 1:10,000) were performed to optimize the ELISA. The ELISA procedure involved coating 96-well polystyrene microtiter plates g with 150 µl/well of sonicated Neospora tachyzoites diluted in 0.1 M carbonate coating buffer (pH 9.6). Additionally, preparative gels were cut into 0.5-cm 2 squares and antigen eluted into individual ELISA wells to identify single protein bands with strong ELISA activity. Plates were sealed and incubated overnight at 37 C.
After incubation, wells were emptied, washed 3 times, soaked 1 min, and washed twice more with wash buffer (NaCl 80 g, KCl 2 g, Na 2 HPO 4 dibasic 11.5 g, KH 2 PO 4 monobasic 2 g, Tween-20 5 ml q.s. to 10 liter dH 2 O, pH 7.4, stored at room temperature). To remove excess moisture, plates were blotted on absorptive paper. Wells were blocked with 300 µl of 2% NFDM in ELISA buffer (0.015 M NaCl, 1 mM Na,ethylenediaminetetraacetic acid [EDTA], 0.05 M Tris-HCl, 0.1% bovine serum albumin, 0.05% Tween, pH 7.4, stored at 4 C) to prevent nonspecific binding between sample and test well. Plates were sealed and incubated with blocking solution for 1 hr at 37 C, after which washing and blotting procedures were repeated.
Sera were diluted in ELISA buffer, and 100 µl was added to each well; plates were sealed and incubated 0.5 hr at 37 C. Washing and blotting procedures were repeated, followed by addition of 100 µl of peroxidase-labeled goat anti-bovine IgG heavy-light chain conjugate f diluted in ELISA buffer to each well. Plates were incubated and washed, as in the previous step, with 2 additional distilled water rinses prior to addition of 100 µl of substrate f to each well.
Each plate had 2 reference wells that contained all reagents except sera and antigen. Adjusted optical density (OD) was obtained by subtracting the mean reference well OD from that of the test and control wells. On each plate, positive and negative control sera were tested in triplicate, and test sera were tested in quadruplicate. Plates were read using an electric plate reader. h A kinetic ELISA computer program h was set to read OD at 1-min intervals for 20 min at a constant 25 C temperature and at a dual wavelength of 405 nm/490 nm. The average maximum slope of the OD over time (V max ) was computed in milli-OD/min for each sample. An assay plate was considered valid if the positive-to-negative control V max ratio (P/N) was within ± 15% of the average expected value. The test sample V max , which consisted of the average V max of quadruplicate wells, was considered valid if the coefficient of variation was < 10% between wells.
ELISA optimization was performed as previously described. 5 Briefly, positive and negative control V max values and ratios (P/N) were calculated for the different antigen concentration, serum dilution, and conjugate dilution combinations. The combination offering the best discrimination between positive and negative controls was considered the optimum for the assay.
To evaluate antigen stability in storage, antigen-coated ELISA plates were incubated overnight, washed, blotted on absorptive paper, sealed, and stored frozen at -70 C. Antigen stability on precoated ELISA plates was tested at 1-mo intervals by performing the ELISA protocol using plates thawed at room temperature, and comparing values with previous ELISA results.
ELISA evaluation
Sera from 70 Neospora-infected and 85 noninfected cattle were used to evaluate test performance. Positive samples consisted of acute and convalescent sera from cows aborting an immunohistochemistry-confirmed Neospora-infected fetus (n = 12) sera taken at calving from cows that gave birth to calves with precolostral IFA titers ≥ 1:1,280 (n = 56), and sera from immunohistochemistry-confirmed, congenitally infected calves that showed clinical signs of central nervous system involvement (n = 2). Samples considered to be negative consisted of adult cow sera from Montana (n = 34) and California (n = 51) beef herds, with no history of diagnosis of Neospora abortion.
Logistic regression analysis was used to determine the optimal cutoff point that distinguished seropositive and seronegative animals. ELISA V max and OD at different reading times (8, 12, and 20 min) were selected as variables to consider as discriminators of positive and negative sera. Transformations considered were the sample-to-positive control ratio (S/P), the sample-to-negative control ratio (S/N), the (sample minus negative control)-to-(positive minus negative control) ratio (S -N)/(P -N), the sample value multiplied by the negative-to-positive control ratio (SN/P), and the sample value multiplied by the positive-to-negative control ratio (SP/N). Model selection was based on individual variable significance, using a level of significance of 0.10. Statistical computations were performed using the LR program of BMDP. 10 The optimal cutoff point for an assay is the value for which a sample's positivity and negativity cannot be predicted. At that value, therefore, the probability of the sample being positive (P) would necessarily be the same as the probability of the sample being negative (1 -P), which would be 0.5 or 50%. The cutoff point was calculated using the coefficients ß, estimated by logistic regression, and P = 0.5 to solve for X in the logistic equation ln(odds) = ß 1 X + ß 0 , where X was the variable selected by the logistic model (e.g., sample V max or OD). The equation simplifies to 0 = ß 1 X + ß 0 , when ln(odds) = ln[P/( 1 -P)], and ln[P/(1 -P)] = In(1) = 0.
ELISA sensitivity and specificity were estimated using the optimum cutoff point determined by logistic regression, and 95% confidence intervals (CI) were computed using a normal approximation. 12 The overall percent correct classification was computed as the total number of samples correctly classified divided by the total number of samples tested. Predictive values of positive and negative test results were computed using a conservative seroprevalence estimate of 40%. 17 Likelihood ratios 19 were used to compute the predictive value of a positive test result for various cutoff points.
To evaluate use of different Neospora isolates as antigen in the ELISA, positive and negative serum samples were tested using Neospora caninum as antigen and following an identical protocol. McNemar chi-square tests were used to compare overall classification between the two Neospora isolates.
The 155 serum samples (70 positive and 85 negative) also were tested by IFA, according to a procedure described elsewhere. 18 IFA test sensitivity, specificity, overall percent correct classification, and corresponding 95% CI were estimated for 3 different cutoff points (1:320, 1:640, 1:1,280). McNemar chi-square tests were used to compare sensitivity, specificity, and overall percent correct classification of the IFA and the ELISA tests. A P-value less than 0.05 was interpreted to indicate a significant difference. The 155-sample serum panel was also analyzed by latex agglutination' to determine the presence of Toxoplasma gondii antibodies, using a cut-off titer of 1:32. Yate's corrected chi-square statistic was used to determine if seropositivity to Toxoplasma gondii was associated with seropositivity to Neospora sp. Pre-and postinfection sera from 4 cows experimentally infected with Toxoplasma gondii were evaluated using the Neospora ELISA.
RESULTS

Immunogenic characterization
Protein analysis of Neospora sp. tachyzoites averaged 2,113 µg per 10 9 tachyzoites. Immunoblot analysis performed with nonreducing conditions (Fig. 1,  lanes 1-3) had more immunogenic bands than those using reducing conditions (Fig. 1, lanes 4-6) . Immunoblots showed similar, although nonidentical, immunogenic protein patterns with the bovine Neospora isolate and Neospora caninum (Fig. 1, lanes 1 and 2,  lanes 4 and 5) . Neospora caninum had decreased immunogenicity of specific proteins, particularly those of molecular weight 17 kDa, when compared to the bovine isolate. Cross-reactivity between the Neospora sp. antisera and Toxoplasma gondii was not detected at a 1:100 serum dilution (Fig. 1, lanes 3 and 6) .
Variability in the pattern of reactivity to immunogenic proteins was noted among sera of Neospora-infected cattle (Fig. 2) , although reactivity to proteins of molecular weights of 17, 29, 30, and 37 kDa could be identified for most ELISA-positive antisera (Fig. 2,  lanes 1, 3-5 ). Serum from the dam of a congenitally infected calf (Fig. 2, lane 2) , which was weakly positive when tested by the ELISA, reacted to the 37-kDa protein, reacted weakly to the 17-kDa protein, and showed no immune response to 29-and 30-kDa proteins. Antisera to Cryptosporidia sp., Sarcocystis sp., and Eimeria sp. did not contain cross-reactive antibodies to Neospora sp. at the 1:100 serum dilution (Fig. 2, lanes  6-8) . Strong ELISA activity was not associated with any single protein band, as evaluated by preparative gel ELISA.
ELISA development and optimization
The assay was optimized using sonicated bovine Neospora tachyzoite (BPA 1) antigens. Optimum antigen concentration, determined by the maximum P/N ratio, was 200 ng/well (approximately 10 5 tachyzoites). The slope of positive control V max with respect to protein declined for concentrations > 200 ng/well (Fig. 3) .
A similar approach was used to optimize serum dilution, where the maximum P/N was obtained with serum dilutions of 1:100 and 1:200 (Fig. 4) . Because a 1:200 serum dilution exhibited less variability across conjugate dilutions and protein concentrations compared to the 1:100 dilution, the 1:200 serum dilution was considered optimum for the assay. Similarly, a dilution of 1:10,000 was determined to be optimal for the particular lot of conjugate used in the development of the assay. The mean P/N V max ratio value was 3.84 (n = 76). V max values were found to be linear between 7 and 13 minutes of reading, with correlation coefficients between time and OD consistently >0.9. Similar results were obtained by testing control and test samples after storing coated ELISA plates for up to two months at -70 C. 
ELISA evaluation
Logistic regression results indicated that sample-topositive control (S/P) V max at 8 minutes was consistently the single most significant variable in predicting infection status (P < 0.0001). The logistic regression model at the optimal cutoff point was where ß 1 and ß 0 were 10.21 and -4.60, respectively. The cutoff point for V max was 0.45 (4.60/10.21). Sensitivity and specificity estimated using the cutoff point were 88.6% and 96.5%, respectively, giving an overall percent correct classification of 92.9% (Table 1) . Inclusion of other variables did not significantly improve overall correct classification, sensitivity, or specificity.
Assuming a 40% seroprevalence and using the 0.45 cutoff point, the predictive value for a negative test result was calculated to be 92.7% and the predictive value for a positive test result 94.4%. Frequency distribution of the S/P V max for Neospora-infected and noninfected cattle (Fig. 5 ) delineated further discrimination between infected and noninfected animals at S/P V max less than 0.2 and greater than 0.7, which allowed for stratification of predictive values for a positive test result (Table 2) . Serological classification of positive and negative Although maximum specificity (97.6%) was obsamples (n = 153) was highly correlated (P = 1.00) for tained using the IFA with a cutoff titer of 1:1,280, the ELISA using either the bovine Neospora isolate or Neospora caninum as antigen. The 2 assays differed for only a single negative sample that was classified as negative using the bovine Neospora isolate, and classified as a weak positive using the Neospora caninum isolate. McNemar chi-square test indicated no difference from the ELISA specificity of 96.5% (Table 1) . ELISA test specificity was significantly greater (P < 0.01) than that of the IFA using a 1:320 cutoff point. Overall percent correct classification was significantly greater with the ELISA, compared to the IFA using cutoff titers of 1:320 (P < 0.01).
Proportion of cattle seropositive to Toxoplasma was not different (P = 0.43) between Neospora-seropositive (25%, n = 64) and Neospora-seronegative groups (32%, n = 90). Three cows experimentally inoculated with Toxoplasma gondii tested Neospora ELISA-negative in both pre-and postexposure samples, despite 5-to 7-fold seroconversion to Toxoplasma as measured by latex agglutination. The remaining cow was Neospora ELISA-positive, with no change in ELISA value in the preexposure and postexposure samples, despite seroconversion to Toxoplasma. Animals diagnosed with Cryptosporidia sp., Sarcocystis sp., and Eimeria sp. infections were Neospora ELISA-seronegative.
Discussion
The ELISA presented here offers improved capability in serologically diagnosing Neospora infection in cattle. The assay can be performed on antemortem samples, does not require subjective evaluation by a technician, and can be standardized between laboratories using protein concentration. The ELISA was shown to be reproducible across multiple extractions of antigen and amenable to storage for greater than 60 days; both are practical considerations for cost-effective and reliable serologic assays. The ELISA had a better overall percent correct classification on individual samples than the IFA, regardless of IFA cutoff point. Using a previously reported 40% seroprevalence , 17 the high sensitivity and specificity yielded high positive and negative predictive test values, both greater than 90%. A whole sonicated tachyzoite preparation was used for the ELISA development, primarily because immunoblot analysis indicated variation in antigenic profiles of Neospora-infected cattle sera. Protein profile and immunoblot pattern were similar to that reported for Neospora caninum. 3 Antibodies against single immunodominant proteins of molecular weights 17, 29, and 30 kDa previously suggested for use in diagnostic assays, 3 however, were not consistently present in sera of infected cattle. A 37-kDa molecular weight protein, which has been suggested to be elicited from latent forms of the parasite, 3 was identified in all ELISA Neospora-seropositive samples. One serum, for which the 37-kDa protein was the only protein band detectable, represented a sample obtained from a cow at the time she gave birth to a Neospora-infected calf. In some cattle, lack of immunoreactivity to proteins other than 37 kDa may reflect limitations that exist in the range of antigens expressed by the tachyzoite form of Neospora. Although stage-specific antigens have been identified for Toxoplasma gondii, 13 antigens other than those associated with the tachyzoite have not yet been identified for Neospora sp., but likely play an important immunogenic role in cattle. Assessment of antigens or life stages of Neospora other than the tachyzoite is hindered by the limited knowledge of the life cycle of the parasite. Assay sensitivity cannot be fully maximized while test development is limited to tachyzoite antigens only.
Results from this study, and information from other reports, 4,7 suggest that Neospora caninum and the bovine Neospora isolates are the same species. Immunoblot analysis demonstrates only minor immunogenic differences between Neospora caninum and the bovine Neospora isolate, which are similar to the antigenie variations observed among Toxoplasma gondii strains. 9, 23, 24 The differences observed in immunogenic proteins between the bovine Neospora isolate and Neospora caninum may reflect strain variations, 23, 24 various growth stages, 4 or may be host-or cultureinduced 4,9 Further taxonomic studies are required to definitively identify the genetic relatedness of the 2 isolates. From a diagnostic standpoint, results indi-cated that either isolate may be used as antigen for the ELISA, without altering interpretation.
In the course of assay development, we were concerned that use of a multiple antigen assay would compromise test specificity due to cross-reactions. Immunoblot analysis, however, suggested that the use of whole sonicated antigen would not adversely affect specificity, based on a lack of cross-reactions with other parasites of the phylum Apicomplexa at the serum dilutions used in the ELISA. Use of a sonicated Neospora tachyzoite antigen preparation, therefore, allowed development of a test with high specificity without limiting the range of antigens available, and thus did not jeopardize test sensitivity. Toxoplasma serology results corroborated immunoblot findings in that crossreactions between Toxoplasma gondii and Neospora sp. were not detected. Our findings are similar to those of another study 3 that reported no cross-reaction of major immunogenic proteins between Toxoplasma gondii and Neospora caninum.
One of the problems faced in ELISA development and interpretation has been in determining the optimum cutoff point, and how one should account for positive and negative control values. In the present study, the optimal cutoff value was determined by use of the logistical regression technique, which examined a number of possible test and control serum values. The variable found to best discriminate between known positive and known negative sera was the sample-topositive control V max ratio. It is conceivable that for other assays, different and perhaps multiple variables would predict optimum cutoff. The method presented offers a quantitative and objective approach to estimating ELISA cutoff points.
Results indicate that the ELISA presented here is a highly sensitive and specific serodiagnostic tool for detecting Neospora infection in cattle. Practical significance of a seropositive or seronegative result, however, remains unclear until further epidemiologic information on infection outcome becomes available. Whether presence of antibodies indicates protection against abortion or an increased risk of abortion has yet to be determined. The ELISA described here improves present capability of antemortem diagnosis of Neospora infection in cattle. We expect the test will permit studies characterizing the epidemiology of the disease and factors associated with infection risk.
